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Abstract
Bacterial communities persist longer in sediment than in the water because
sediments offer beneficial conditions for proliferation and formation of self-sustaining
colonies. However, environmental- and human-caused sediment disturbance may
resuspend bacteria in the water, thus increasing the potential for harmful bacterial to
interact with humans and other organisms. I tested the hypothesis that the level of
sediment disturbance affects the abundance and duration of bacterial resuspension in
artificial stream microcosms. Three treatments were administered: control (no
disturbance), low intensity disturbance, and high intensity disturbance (n=5). Water
samples were collected before disturbance treatment (P), and at 0, 6, 24, 48, and 72 hours
after treatment. Bacterial abundance in the water was compared using two counting
methods – traditional heterotrophic plate counts (HPC) and a new method using flow
cytometry which takes less time than HPC. Water quality measurements at each sampling
time point included temperature, turbidity, dissolved oxygen (DO), conductivity, and pH.
Elevated turbidity immediately following disturbance demonstrated sediment
resuspension in the water column, but there was no corresponding difference in bacterial
abundance across treatments. Bacterial abundance using HPC was positively correlated
with abundance using flow cytometry, suggesting flow cytometry might be useful as a
rapid method for measuring bacterial abundance. Abundance using both measures
changed over time, likely because high temperatures led to bacterial proliferation in all
treatments. Therefore, the effects of sediment disturbance on total bacterial resuspension
in the water may be obscured by higher temperatures in warmer seasons, but may
influence bacterial abundance following sediment disturbance in cooler temperatures.
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Introduction
Bacterial communities are essential for nutrient cycling, biotransformation of
organic matter, and energy transfer in river ecosystems, but are sensitive to
environmental changes (Wang et al. 2017; Zhang et al. 2019; Huang et al. 2021). Natural
disturbances, such as storms and flooding, influence the abundance and composition of
microbial communities (Paerl et al. 2003). Flooding events in particular have the
potential to transport inorganic and organic nutrients and thus affect growth rates of
bacterial communities (Zoppini et al. 2019). For example, an extreme flood event in the
Po River, Italy resulted in high concentrations of dissolved oxygen and nutrients, which
allowed proliferation of the bacterial community to occur (Zoppini et al. 2019). While
changes in bacterial abundance occur in response to natural disturbance, human-induced
disturbance also increases bacterial abundance in rivers (Leclerc et al. 2002; Devane et al.
2014).
Human activities, such as sewage and wastewater treatment plant discharge,
deliver bacteria to rivers including pathogenic species that cause diarrhea disease,
enteritis, and salmonellosis, representing a potential health risk to populations using
rivers for recreational purposes (Leclerc et al. 2002; Devane et al. 2014; Abia et al. 2017;
Borja-Serrano et al. 2020). These bacteria typically survive in the water column for a
short period of time, but those that settle from the water onto the sediment grow and form
sustaining colonies. These colonies form because sediments provide organic matter and
nutrients, suitable temperature and pH, protection from predators such as protozoa, and
shielding from exposure to UV sunlight (Garzio-Hadzick et al. 2010; Jones et al. 2018;
Zhang et al. 2021). As a result, sediments contain much higher concentrations of bacteria,
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including pathogens, than are typically observed in the water column (Abia et al. 2016;
Zhang et al. 2021). These relatively large sediment bacterial communities have the
potential to become resuspended in the water column after disturbances occur (Roberts,
2012; Abia et al. 2017).
Resuspension occurs when flow of river water and/or direct disturbance of the
sediment results in particles being lifted away from the riverbed and transported as
suspended load (Abia et al. 2017). This movement leads to the resuspension of sedimentbound bacteria, and also remobilizes sediment-bound contaminants into the water column
(Roberts, 2012; Abia et al. 2017). Sedimental bacterial communities may be resuspended
by natural disturbances, such as the increased river flow and erosion of riverbed
sediments associated with storms and heavy rainfall (Abia et al. 2017). Furthermore, the
amount of bacterial resuspension is likely influenced by the type of disturbance applied to
river sediment (Long et al. 2021). Long et al. 2021 found that human disturbances such as
residential, industrial, and agricultural disturbances, discharged many pollutants into the
water column and resulted in higher amounts of nutrients and sediment enzymes, leading
to an increase in the abundance and diversity of bacteria in the sediment.
Human activities also disturb sediment and contribute to high turbidity and
bacterial resuspension (Abia et al. 2017; Wang et al. 2017; Chen et al. 2021). Turbidity
increases with increased suspended sediment in the water column, and therefore may also
indicate bacterial resuspension (Nam et al. 2018). Wang et al. (2017) found that
agricultural sediment disturbance not only resulted in bacterial resuspension, but also
provided nutrients to the bacteria which allowed them to proliferate following
disturbance. Discharge from wastewater treatment plants (WWTPs) both disturbed the
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sediment and increased the bacterial diversity by providing a source of bacteria to surface
waters (Zhang et al. 2019; Long et al. 2021). Recreational activities such as swimming
and boating disturb sediment and result in the resuspension of total bacteria from the
sediment (Abia et al. 2017). Abia et al. 2017 found that bacterial abundance in the water
column was significantly higher immediately after sediment disturbance, and gradually
declined over time after disturbance had occurred. However, it is unclear how different
levels of sediment disturbance influence the concentration of bacteria resuspended. I
hypothesized that different levels of sediment disturbance from recreational activity
affect bacterial abundance in the water and the duration of resuspension. I expected that
the amount and duration of resuspension of bacteria increases as the intensity of
disturbance increases. The results from my study are important for assessing public
health risk in rivers used for recreational activities, as well as for aiding in the
development of methodology and criteria to inform river closures.

Methods
1. Experimental Design
The effects of sediment disturbance on bacterial abundance and duration of
resuspension were tested using different levels of disturbance to sediments in stream
microcosms. Experimental treatments consisted of a control (no disturbance), low
intensity disturbance, and high intensity disturbance (n = 5). Low intensity disturbance
was achieved by pushing a glass rod back and forth 20 cm each direction in the
microcosm three times, at a depth of approximately 1.3 cm into the layer of sediment.
High intensity disturbance was created by dragging the rod through the entire depth of the
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sediment (2.5 cm) and along the circumference (305 cm) of the microcosm five times
(Stoler et al. 2018).
Artificial stream microcosms were constructed in a greenhouse at Georgia
Southern University (Statesboro, GA, USA). Each microcosm was constructed from a
black, oval-shaped polypropylene tank and a black, oval-shaped polypropylene
centerpiece (centerpiece width: 23 cm) (Petersen, 2017) (Figure 1). A 2.5 centimeter
layer of sediment from Kings Ferry County Park (Chatham County, GA, 31°58’40.2”N;
81°17’23.5”W) and 25 L of dechlorinated tap water was added to each microcosm. One
submersible aquarium pump (SunSun JP-024, China) was fixed to the side of each
centerpiece in order to generate unidirectional flow with an average velocity of 0.1 m sec1

, consistent with flow rates in the Ogeechee River (USGS, 2017). Sterile bottles were

used to collect three, 125 mL water samples from the middle of the water column at three
sampling locations in each microcosm (Figure 1C) before disturbance treatment (P), and
at 0, 6, 24, 48, and 72 hours after disturbance treatments were administered in order to
ensure that bacteria were still viable in the water column (Hauer & Lamberti, 2007). The
three different samples from each microcosm at each time point were composited to have
one sample per microcosm that was then stored in a cooler on ice and transported to the
lab for processing.
Water quality was determined before disturbance treatment (P) and at 0, 6, 24, 48,
and 72 hours after treatment using handheld meters to measure dissolved oxygen (DO)
(Fisherbrand Traceable Digital DO Pen; Hampton, New Hampshire), conductivity
(Oakton ECTestr 11; Australia), and pH (Oakton pHTestr 10; Australia) (Table 1).
Turbidity was measured in the laboratory after collection of water samples using a

7

benchtop turbidity meter (Oakton T-100). Turbidity indicates suspended particles in the
water, and, therefore, could be a proxy for measuring bacteria in the water column
resulting from resuspension (Bright & Mager, 2020; Bright et al. 2020). Air and water
temperature were measured hourly for the duration of the experiment using HOBO
temperature data loggers in order to evaluate the effect of temperature on bacterial
growth (Onset HOBO® MX2201).
2. Sample analysis
To determine concentration of bacteria in the water samples, two different
methods were used, 1) HPC plating and 2) flow cytometry. For both methods, the
samples were filtered within 12 hours of collection. For the HPC plating method,
subsamples of 50, 10, and 10 mL (n = 5 for each sample) were filtered through 0.22 μm
sterile cellulose nitrate membrane filters to collect bacterial cells (Zimbro et al. 2009).
Filters were placed on agar in Petri dishes and incubated at 35℃ for 48 hours, after which
colonies were counted, averaged per sample and multiplied by 100 to determine colonies
per 100 mL (Zimbro et al. 2009).
To enumerate bacteria using flow cytometry, 3 mL of each collected water sample
was filtered through a glass fiber filter (Whatman Cytiva GF/D, pore size: 2.7 μm) to
remove sediment and other non-bacteria planktonic organisms. For each filtered sample,
50 μL of the sample was replaced with 50 μL of 3% glutaraldehyde in order to fix the
bacterial cells. All samples were stained with SYBR I green stain (CAS: 163795-75-3;
purity >98%) to add a fluorescent label to the bacterial cells to differentiate them from
inorganic particles and non-bacterial organic particles (Marie et al. 1999). Each sample
was run at a flow rate of medium for two minutes until all acquired cells had been
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counted by the flow cytometer (Gatza et al. 2013). Bacteria cells were selected for using
the fluorescent characteristics of the SYBR I stain. A plot was produced for each sample
in order to differentiate between bacterial cells and inorganic and non-bacterial organic
particles (Figure 2).
3. Statistical analysis
Prior to statistical analysis, data were tested for homogeneity of variances using
Levene’s test and for normality using the Shapiro-Wilk W test. To examine differences in
bacterial abundance using both methods across treatment and time, repeated measures
ANOVA tests were performed. Repeated measures ANOVA tests were also performed
for turbidity. A correlation between HPC plate counts and flow counts was conducted in
order to determine the relationship between bacterial abundance using the two counting
methods. Correlations between turbidity and each of the counting methods were also
performed. All statistical analyses were performed using JMP®Pro 16 (SAS Institute Inc.,
Cary, NC).

Results
Only time had an effect on bacterial abundance measured by both HPC (repeated
measures ANOVA, F5,29 = 21.56, p < 0.0001) and flow cytometry (repeated measures
ANOVA, F5,23 = 6.86, p = 0.0002). However, the pattern over time differed between the
two measurements (Figure 3A,B). For HPC, all treatment groups increased in bacterial
abundance over time over the first 24 hours, peaking at approximately six times the
original concentration, followed by a decrease to approximately two times the initial
concentration (Figure 3A). For flow cytometry, all groups increased in abundance up to
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24 hours, declined by 50% at 48 hours, and then and then rebounded by 72 hours (Figure
3B). The increase in bacterial abundance appeared to be related to temperature. During
the first six hours of the experiment, air temperature increased from 21.1℃ to roughly
38℃, and within 24 hours of the temperature increase, the bacteria reached maximum
abundance according to measurements from both methods (Figure 3). The concentrations
of bacteria derived from both the HPC plating and flow cytometry methods were
positively correlated (Pearson’s correlation, r = 0.37, p =0.006) (Figure 4).
There was a significant interaction between treatment and time on turbidity
(repeated measures ANOVA, F10,29 = 6.27, p < 0.0001). This interaction was likely due to
the turbidity being 3-5 times higher in the low and high treatments compared to the
control immediately after the treatments were administered, after which the turbidity in
all treatments remained indistinguishable from one another for the remainder of the
experiment (Figure 5). No relationships between turbidity and HPC (Pearson’s
correlation, r = -0.20, p = 0.15) or flow cytometry (Pearson’s correlation, r = 0.16, p =
0.24) bacterial counting methods were observed.

Discussion
I hypothesized that different levels of sediment disturbance affect bacterial
abundance and the duration of resuspension in the water. Surprisingly, the intensity of
disturbance did not affect the amount and duration of resuspension. Rather, bacterial
abundance increased over time up to 24 hours across all treatments, including the control.
This proliferation was likely due to a 17℃ increase (from 21℃ to 38℃) in temperature
that occurred 18 hours before the peak in bacterial abundance. Bacterial growth occurs
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between 17 - 38℃, with optimal growth between 25 – 30℃ (Nam et al. 2018). Moreover,
stimulation of bacterial growth as a result of temperature is typically observed within 3 to
24 hours after temperature increases occur (Francais et al. 2019), which is consistent with
my observations after 18 hours. The observed lag time between temperature increase and
bacteria growth is consistent with the current literature (Nam et al. 2018). Therefore, this
dramatic increase in temperature likely contributed to the proliferation of bacteria in all
treatments equally, obscuring any effect due to disturbance. In warmer climates and high
summer temperatures, differences in bacterial abundance due to resuspension may not be
observed because new growth stimulated by temperature overwhelms the ability to detect
changes in abundance due to addition of bacteria from localized disturbance. If
temperatures are cooler, changes in resuspended bacteria due to disturbance may become
much more important in determining water quality. Therefore, the contributions of
bacteria to the water following disturbance at temperatures below 17℃ temperatures
warrants further investigation.
While bacterial abundance is an indicator for public health risks in rivers used for
recreational activity, the type of bacteria present is also important (Leclerc et al. 2002;
Abia et al. 2016; Abia et al. 2017). Therefore, while we did not see difference in total
abundance across disturbance treatments, I cannot rule out that the communities of
bacteria in each treatment were the same. For example, if the disturbed treatments had
more pathogenic species, then there could be greater risk to public health despite similar
abundance across treatments. Therefore, evaluating the role of bacterial community
composition in response to disturbance to inform public health risks warrants
investigation.
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As expected, turbidity readings increased immediately after the sediment was
disturbed in the low and high intensity treatments compared to the control. However,
surprisingly, there was no difference between the low and high intensity treatments, and
turbidity readings for all treatments returned to pre-disturbance values after 6 hours.
Previous studies demonstrated that turbidity and bacterial abundance are related (Eiler et
al. 2003; Abia et al. 2017). Therefore, it is possible that we did not observe a direct
relationship between turbidity and bacterial abundance because the bacteria also settled
back to the sediment quickly following disturbance. It may be necessary to measure
bacterial concentration in the water more frequently during the first six hours after
sediment disturbance in order to detect relationships with disturbance.
The two methods for counting bacterial abundance, HPC and flow cytometry,
displayed a significant positive correlation. Thus both methods could be viable methods
for measuring bacterial abundance. The traditional HPC method takes at least 48 hours to
incubate the bacteria on agar plates (Zimbro et al. 2009). Flow cytometry is a much more
rapid method that can be completed within hours of collecting water samples (Gatza et al.
2013). Furthermore, flow cytometry measures individual cells while the HPC method
requires many more bacteria to be present in each colony to be quantified. Thus, the
ability to measure cell concentrations of individual cells directly from the water sample is
potentially more accurate, reliable and rapid when evaluating water quality (Gatza et al.
2013). Therefore, flow cytometry could allow researchers and water quality managers to
make accurate and informed decisions regarding water quality treatment processes (Gatza
et al. 2013).
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This study demonstrated that intensity of disturbance did not affect bacterial
concentrations in the water column, likely due to confounding environmental changes in
temperature. However, the presence of pathogens may have differed due to disturbance,
and disturbance may have a more important role in bacterial resuspension in cooler
temperatures. Regardless of intensity, bacterial abundance displayed a significant
increase following disturbance. Overall, rapid assessment of bacterial abundance using
flow cytometry was comparable to traditional plate counting methods. Therefore, flow
cytometry may be useful for evaluating water quality quickly, thereby reducing risk of
human exposure to pathogenic bacteria in waters used for recreational activities.
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Table 1. Mean water quality measurements for stream microcosms (N = 15) taken before
disturbance treatment (P) and at 0, 6, 24, 48, and 72 hours after treatment. Measurements
are mean values + one standard error of the mean (SEM).

DO

pH

Conductivity

P

0

6

24

48

72

Control

6.8

6.92

7.12

5.5

6.82

6.98

Low

7.04

7.24

7.08

5.92

6.44

7.04

High

6.86

6.88

7.08

5.34

6.6

6.9

Control

7.88

7.82

8.02

7.56

7.78

7.92

Low

7.96

7.74

7.88

7.72

7.68

7.88

High

7.92

7.76

7.92

7.62

7.78

7.92

Control

346

346

352

360

362

362

Low

356

352

354

362

374

374

High

352

366

356

368

378

380
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Figure Captions
Figure 1. Stream microcosms (N = 15) contained approximately 2.5 cm of sediment, 25 L
of dechlorinated tap water, and powerhead pumps. (A) models the one-way directional
flow of water generated by the powerhead pump. (B) shows one completed unit with the
dimensions of the stream channel. (C) indicates the points where water samples were
collected within each microcosm.

Figure 2. Flow cytometer plot of bacterial cells. The lower limit was set to 2000 and the
gate was extended upwards and diagonally so that only bacteria cells were counted.
Particles outside the gate consist of inorganic particles and non-bacterial organic
particles. FL1-A is the green fluorescence of the SYBR I stain and FL3-A is the red
fluorescence of the SYBR I stain.

Figure 3. Mean number of (A) bacterial colonies (n = 5) and (B) individual bacteria (n =
3) per 100 ml before disturbance treatment (P) and at 0, 6, 24, 48 and 72 hours after
treatment and plotted with mean air temperature (℃) over the course of the experiment.
Error bars are  one standard error of the mean (SEM).

Figure 4. Relationship between the bacterial colony counts determined using the HPC
plating method vs. the individual bacterial counts from the flow cytometry method.

Figure 5. Mean values of turbidity (n = 5) before disturbance treatment (P) and at 0, 6,
24, 48, and 72 hours after treatment. Error bars are + one SEM.
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